Introduction: Traditional rehabilitation does not provide adequate repetitions for maximal motor recovery in the clinic and home exercise programs (HEPs) have low compliance rates. Personalized virtual reality (PVR) is a promising low-cost therapeutic tool for improving compliance by incorporating the client's interests, abilities, and goals into a motivating and engaging intervention using internet games.
Stroke affects 6.8 million people and is the leading cause of long-term disability in the United States [1] . Traditional stroke rehabilitation typically involves numerous outpatient rehabilitation visits and completion of a home exercise program (HEP). However, clients only complete about eight percent of the approximately 10,000 challenging repetitive movements required to maximize motor recovery in the clinic [2] and only one-third of clients complete their HEP as prescribed [3] . This is due to the tedious and non-motivating nature of therapeutic activities [3, 4] .
Stroke rehabilitation research has shown that virtual reality interventions can provide a substantial number of task-oriented repetitions at a high-intensity, resulting in improved motor performance [5] that generalizes to real-world tasks [6] . These results are likely attributable to the motivating and engaging format of virtual reality [7] [8] [9] .
Personalized Virtual Reality (PVR) may further increase motor recovery by improving compliance and motivation through customized games to meet clients' interests, abilities, and goals. Clients have been shown to complete 300-600 movements during a 40-minute PVR session [10, 11] , that is 3-6 percent of the total repetitions needed in a single session. PVR has also improved quality-of-life and participation in daily activities for persons with chronic stroke and cerebral palsy. Furthermore, PVR is low-cost, portable, easy-touse and set-up, can be used with children and adults, and in a variety of settings [9] [10] [11] .
The purpose of this study was to develop and refine a clinic-to-home PVR intervention and determine its feasibility and usability in an outpatient rehabilitation clinic and as a HEP. It was hypothesized that PVR would be feasible in both the clinic and home and would improve compliance and functional motor performance by providing individuals with a motivating and engaging experience.
INTERVENTION Participants
Two participants were recruited through an outpatient occupational therapist (OT) at a rehabilitation hospital. Participant 1, a 57-year-old African-American male, had experienced two strokes. His first stroke, four years prior to the intervention, resulted in right-sided hemiparesis and a second stroke, one year prior to the intervention, resulted in left-sided hemiparesis. Prior to his second stroke, Participant 1 was left-hand dominant and independent with all of his activities of daily living (ADLs). At baseline, he used his right arm for all tasks and required assistance with most ADLs. Participant 2, a 50-year-old African-American male, experienced a stroke resulting in right-sided hemiparesis and significant spasticity in his right upper extremity (UE). He was right-hand dominant and independent in all of his ADLs prior to his stroke. The Institutional Review Boards at Washington University School of Medicine and the rehabilitation hospital approved the investigation. Written informed consent was obtained prior to study commencement.
Hardware and Software
Equipment required to play PVR games included a Microsoft Kinect sensor, laptop, USB cable, high-speed internet, and an optional TV or monitor for larger viewing. The Kinect sensor was used with free Flexible Action Articulated Skeleton Toolkit (FAAST) software to translate UE movements into keyboard strokes for controlling internet-based PVR games. The Kinect sensor is an inexpensive (~$90) motion sensing accessory to the Microsoft Xbox that uses a color camera, depth sensor, and algorithms to form a 3-dimentional skeleton of a moving person in real time (Figure 1) . The Xbox console and Xbox games were not used as the Kinect plugs directly into the laptop where the participants can play free internet games.
The FAAST software converts gross body movements (input) into keyboard strokes or mouse movements (output) (http://youtu.be/eM2cAMgMbzU). The ability to set thresholds to translate body movements into game movements permits thousands of internet games to become personalized interventions. These games are found by searching the internet for games that correspond with a participant's interests such as puzzles, baseball, pinball, or racing. MATLAB software was also used to create a "launch pad" that automatically loaded the recording program, internet games, and FAAST for simplification of computer navigation. Due to the large amount of data being collected, date, time, quality, and number of repetitions performed during game play data were stored directly on the laptop's hard drive. Game links and FAAST configuration files were stored on a cloud server, allowing therapists and researchers to update games without the participant needing to bring equipment to appointments.
PVR Protocol and Design
During the intervention, both participants attended outpatient OT services twice weekly to address functional limitations. One session per week was designated for traditional OT activities including education (e.g., energy conservation strategies) and practicing strategies for performing ADLs (e.g., dressing, bathing, eating) and instrumental ADLs (e.g., cooking, shopping, housework). The second weekly session was for clinic-PVR and took the place of usual UE exercises, which were used as preparatory activities for functional tasks.
Following initial assessments, both participants were scheduled for four consecutive clinic-PVR sessions to learn how to independently set-up and fully utilize the system in their home. Following training, clinic-PVR occurred once per week for 30 to 45 minutes and the participants were loaned the PVR system to take home and use in place of their previous UE HEP.
In order to improve multiple functional movements in various affected UE joints, PVR sessions consisted of playing three different games for 10-20 minutes each. Each game required different movements to activate the game controls. For example, Game 1 may address elbow flexion, Game 2 shoulder external rotation, and Game 3 shoulder flexion. As participants improved, the degree of movement required to activate the game controls was increased to maintain a sufficient level of challenge. After 5-8 weeks, the participants returned the system and were reassessed.
Due to the client-centered nature of the study, some aspects of the two participants' experiences differed. This included differences in scheduling rehabilitation sessions and their individual PVR progression schedules. Participant 1 began the HEP three weeks into the study with no previous PVR experiences. However, due to schedule differences and technical difficulties, Participant 2 received clinic-PVR inconsistently for three months before training to use the system independently and taking the system home. The participants' prescribed HEP schedule was also different. Participant 1 was instructed to follow a schedule that gradually increased the number of days played each week in order to reach the minimum of 9,600 challenging repetitions needed for maximal motor recovery [2] within eight weeks ( Table 1) . Participant 2 was encouraged to start with two 30 to 45 minute sessions per week and play as often as tolerated. Lastly, the timing of the assessments varied between the participants due to individual schedules and requirements of the rehabilitation therapist.
ASSESSMENT MEASURES

Key Informant Interviews
Semi-structured interviews were conducted at study completion. Participant interviews focused on gaining their perspectives on PVR's effectiveness and the system's usability. The outpatient OT delivering the interventions was also interviewed using open-ended questions regarding feasibility, usability, usefulness, and implementation challenges. The caregiver of Participant 1 was interviewed to capture her perspective on the changes in his functional abilities.
Compliance and Repetitions
Compliance and number of repetitions were collected using MATLAB, which automatically recorded date, time, duration of play, and body coordinates for determining the quality and quantity of movement repetitions.
Passive and Active Range of Motion (ROM)
ROM measurements followed standard procedures using a goniometer. Measurement areas were personalized based on each participant's UE rehabilitation focus. Active ROM can be used to track differences in a person's ability to independently perform specific movements indicating functional capacity. Passive ROM measures the movement of joints manually by the therapist. Improvements in passive ROM often precede active ROM. The use of goniometers is accepted as a valid clinical tool for collecting ROM [12] . Overall, ROM assessment has shown better intrarater than interrater reliability. To ensure reliability, the same person completed the ROM measurements.
Motivation and Engagement
Motivation and engagement were assessed every two weeks for Participant 1 and twice for Participant 2. The interest/enjoyment and effort/importance subscales of the Intrinsic Motivation Inventory (IMI) were used in addition to the participants' continued feedback. The IMI uses a series of positive and negative statements to which the participant responds with a Likert-style answer in how well he agrees with the statement. The IMI has been shown to reflect the overall level of intrinsic motivation for an activity and the interest/ enjoyment subscale has good internal reliability [13] .
Action Research Arm Test (ARAT)
The ARAT is a standardized assessment of UE function. The protocol has four subscales including grasp, grip, pinch, and gross movement. It was delivered and scored by the therapist. The range of scores is from 0 (severe disability) to 57 (no observed disability). On average, clients with chronic stroke score 29.2 on the ARAT with a standard deviation of 12.5. The ARAT has a minimally clinically important difference (MCID) of 5.7 [14] .
The Disabilities of the Arm, Shoulder, and Hand (DASH)
The DASH is a self-report questionnaire that was given every two weeks throughout the course of the study and used to measure perceived UE function and symptoms. DASH total scores range from zero (no disability) to 100 (most severe disability) with a 10-point change being considered clinically important [15] . The DASH can also measure changes over time or with treatment [16] . The DASH has excellent test-retest reliability (r=0.96; r s =0.95) and good discriminant validity.
Canadian Occupational Performance Measure (COPM)
Occupational performance was measured at baseline, onset of home PVR, and post-intervention using the COPM. The COPM assesses perceived level of importance, satisfaction, and performance of activities in the areas of self-care, productivity, and leisure. Items are rated on a scale of one to 10 with one being low and 10 being high. Total performance and satisfaction scores can also be calculated using the average ratings of all activities rated [17] . A twopoint increase in satisfaction and/or performance is considered a clinically important change [18] .
RESULTS
Weekly Feedback
During the intervention, weekly feedback from the participants and therapist was used to refine the PVR games and protocol. For example, some games initially chosen to coincide with the participants' interests, were replaced after negative feedback in the clinic. Reasons for changing the games included frustration due to the level of difficulty (e.g., the speed at which the game was required to be played) and visual appeal. Clinic-PVR visits were also used to troubleshoot any technical issues and change games and activation thresholds.
Key Therapist Findings
The therapist noted higher levels of client engagement, motivation, and compliance, and increased use of the affected limbs. She believed that both participants completed the home-PVR more than their previous HEPs. Since neither participant used their affected arms for functional activities prior to the PVR intervention, she thought the repetitions completed during PVR were extremely important to recovery. She also noted several challenges that are discussed in limitations. The therapist recommended the following based on her experience with this pilot study when considering clients for future PVR interventions:
Clients most likely to benefit:
• Orthopedic (localized impairments within the UE)
Clients least likely to benefit:
• Moderate-severe cognitive deficits (e.g., current cognitive goals)
• Serious medical comorbidities (e.g., renal failure)
• Hypertonicity (e.g., many games require fast reactions)
Key Findings from Participants and Caregiver
Participant 1's caregiver completed set-up and troubleshooting of minor problems easily using the provided manual. The participant could play games independently once the launch pad was opened. He reported improved compliance when compared to his previous HEP. He attributed this to the excitement of the games, trying to improve scores, and having a variety of games to avoid boredom. However, the participant reported that he was unable to play games according to the protocol due to fatigue and illness caused by his comorbidities. The participant also reported experiencing fatigue for 30 to 45 minutes after playing, but that this did not affect his functional activities. He also believed PVR was beneficial for getting in more repetitions. The participant noticed he could reach higher with his left arm and that he was using his left arm more often and without conscious thought for functional activities including writing, feeding, and brushing his teeth. Participant 2 reported minor technical difficulties using the system at home. These were solved by a family member or during the next clinic-PVR session. He said that the system was fun and easy-to-use. He would enthusiastically recommend the system to others in a similar situation. Participant 2 reported using PVR four times per week in 40-minute sessions. He experienced no soreness or pain after sessions because it was not perceived to be as strenuous as his other, full-body HEP, but he felt the process was strengthening his arm.
Compliance
Both participants were 100 percent compliant for clinic-PVR sessions. Home-PVR session compliance was based on information recorded by the MATLAB program. Participant 1 was 71 percent compliant during the first four weeks of the HEP and 10 percent during the last four weeks of the HEP. Participant 2 had a 64 percent compliance rate in his HEP.
Upper Extremity Function and Symptoms
Participant 1 exhibited mixed changes in UE functional ability.
ARAT
Participant 1 improved his right pinch and total score throughout the study. He also showed improvements in his left grasp, pinch, and total score at the midpoint. However, Participant 1 lost function on the left side at study conclusion and none of the changes reached the minimum clinically important difference (MCID) of 5.7 points [14] .
DASH
Participant 1 had an increase in symptoms at week three, followed by improvements during weeks five and seven, and a slight increase in symptoms at week nine. Overall, Participant 1 surpassed the MCID of 10 points. 
ROM
Participant 1 also displayed mixed changes in AROM. He exhibited improved AROM in both shoulders, both forearm supinators, and right elbow flexion at the study's midpoint. At study conclusion, Participant 1 continued to show improvements in left shoulder flexion and both forearm supinators. However, he had decreased range in shoulder abduction, external rotation bilaterally, and right elbow flexion ( Table 2) . Participant 2's UE functional ability also showed mixed results.
ARAT
Participant 2's score fluctuated around the average score of post-stoke patients (29.2) and never exceeded the MCID of 5.7 [14] . The therapist suggested that, because of his spasticity, the ARAT may not have been sensitive enough to measure the changes in ROM and compensations.
DASH
Participant 2 improved by 10-points on the DASH, meeting the MCID for the measure (Figure 2) .
ROM
Participant 2's ROM measurements varied throughout the study. While several measurements showed improvement, the most prominent gains were in his active and passive ROM for external rotation, which was the primary focus of his games ( Table 3) . This increase in ROM occurred during the last two measurements while he utilized the system at home.
Repetitions
Participant 1 played approximately 11 hours of PVR games and completed about one repetition every 6.6 seconds. This resulted in an estimated 6,000 repetitions, 52 percent more than what is achieved during typical rehabilitation in the clinic [2] . Averaged between all his games, Participant 2 completed 1 repetition every 3.5 seconds for an estimated 515 repetitions in each 40 minute PVR session. This means that Participant 2 generated around 4,630 repetitions during the home phase even with his moderate 64 percent HEP compliance.
Motivation
Participant 1's IMI interest/enjoyment scores improved 24 percent and the effort/importance scale improved 50 percent (Figure 3) . He also rated the following statement "I believe doing this activity could be beneficial to me" a 7/7 at the study's conclusion. The average positive comments on interest/enjoyment and effort/importance made by Participant 2 increased while the average negative comments decreased by the study's conclusion.
Occupational Performance
COPM
Participant 1 selected showering, toilet transfers, dressing, driving, and walking as the areas he would like to improve most. Between baseline and study conclusion, he showed MCID improvements in walking, toilet transfers, and showering performance and walking, driving, toilet transfers, and showering satisfaction. However, driving performance and dressing satisfaction and performance remained essentially the same ( Table 4) . Participant 2 chose the pitching motion on the COPM because his primary recreational activity was softball. Given his spasticity and hypotonicity, the wind- up or external rotation was limited in strength and ROM. His overall scores doubled the MCID of the COPM for performance and satisfaction ( Table 4) .
DISCUSSION
The purpose of this pilot study was to test the feasibility and usability of PVR in the clinic and as a HEP. The secondary purpose was to evaluate the effects of PVR on UE function and occupational performance. Our hypothesis was that PVR would be feasible in the clinic and home and that using a motivating and engaging therapy experience would improve compliance, functional motor performance, and occupational performance.
The PVR system was successfully used in the rehabilitation clinic and home settings, though not without some complications. Further refinement would be necessary before the system could be used in the clinic without researcher support. Home-PVR had very few and only minor difficulties. A large scale research study could provide additional support to determine whether home-PVR could be used to increase motivation, repetitions, and ultimately, function and occupational performance.
Both participants achieved improvements reaching a MCID on the DASH and COPM. These results along with the interviews, show that improvements made using PVR have translated to functional tasks at home. Despite imperfect compliance, both participants' intrinsic motivation steadily increased throughout the study. This was likely attributable to the ability to change the games based on weekly feedback, improved game playing skills, and increased functional abilities. If motivation remained high, it is likely that compliance and functional abilities would have continued to improve also, furthering the cycle of motivation, compliance, and abilities.
Clinical Significance
HEPs are an important part the rehabilitation process. PVR allows therapists to match clients' interests to thousands of high-quality internet games, customize them to work with almost any movement, and increase the movement threshold for game activation. In addition, the low equipment cost makes it an affordable option for clinical and home use compared to previous lower-quality [19] [20] [21] and costly [11] virtual reality games. A clinic-to-home PVR approach allows therapists to observe progress in the clinic and make changes remotely. This ability to tailor targeted movements to novel games keeps clients motivated, engaged, and sufficiently challenged over a much longer period of time than traditional clinical interventions and HEPs. It also provides flexibility and support in their rehabilitation as the client's abilities and circumstances change. Such features may be useful as a transitionary component to a telerehabilitation program. Lastly, preliminary evidence suggests this protocol can improve motivation, compliance, and occupational performance. Scores on the COPM and DASH show a decrease in symptoms and an increase in ability to complete functional tasks. While the participants in this study had hemiplegia as a result of stroke, the customizability of the system allows for the therapist to adapt the program to fit the needs of other neuromuscular disabilities.
Study Limitations
The current feasibility study had several limitations. First, the use of two case studies prevents the results from being generalized to the stoke population as a whole. More participants would be required to continue to refine the protocol and evaluate its efficacy.
Second, Participant 1's comorbid medical conditions may have interfered with HEP compliance and therefore study results. Decreases in HEP compliance during the second half of the intervention were likely due to an acute exacerbation of renal failure due to missed dialysis appointments. Extending the intervention to promote recovery may have provided a more accurate representation of his compliance and improvements. Unfortunately, this was not feasible with study time constraints.
Third, although compliance for home-PVR was better than traditional HEPs, it still could have been improved. However, due to a large amount of data collected using MATLAB, the data were stored on the physical computer used by the participants for their HEP. These data were not available for verification until after the equipment was returned at the end of the study. Researchers had to rely on the participants' selfreports of home-PVR compliance during the study. A larger cloud-based data storage would have allowed researchers to check-in on participant HEP compliance and come up with additional strategies, if needed.
Fourth, caregiver assistance was needed to set-up the PVR system for Participant 1 to play games at home. This also may have affected compliance because help was not always available when he wanted to play. Further simplification of the game setup process is needed to allow more independence in playing the games.
Fifth, some technological challenges were experienced. Due to the large hospital setting, clinic computers were updated regularly, which removed the FAAST software and Kinect drivers from the computers, preventing use of PVR in the clinic. In addition, many administrative controls were in place that blocked use of gaming websites and required administrative rights to update the flash player software. Solving these challenges required a great deal of time and effort from administrative personal. Therefore, researcher laptops were used instead. However, this lead to its own complications with wireless network connectivity. Although the system was always at the mercy of the wireless connection, the problem could often be bypassed by preloading the games in a different location from the rehabilitation gym. Other technology challenges included the launch pad's limit of two movements for controlling games and difficulty finding games primarily controlled by two movements.
Finally, the PVR system could not be permanently set-up in the clinic due to limited space. This meant the equipment needed to be set-up and broken down before and after clinic-PVR sessions. This process would have used valuable therapy time. Therefore, researchers provided set-up for most clinic-PVR sessions. In addition, the lack of permanent PVR setup prevented the OT from gaining valuable practice and experience using the system. To ensure the participants had games that met their interests and had enough time to play in the clinic, researchers found and programmed the games according to the therapist's recommendations.
CONCLUSIONS
The current study has provided evidence to the feasibility and effectiveness of the PVR system. PVR is a promising low-cost therapeutic tool for improving compliance by incorporating the client's interests, abilities, and goals into a motivating and engaging intervention using internet games. However, further refinement and evaluation are needed to ultimately determine the feasibility and effectiveness without researcher assistance. Additional research should be conducted with larger sample sizes and with clients who have other movement disorders.
